Approximately 50%1o of the protein in a maize kernel consists of the prolamine zein. When analyzed on SDS gels the zein proteins consist primarily of two species of apparent mol wt 22 ,500 and 19,000 (11, 21, 23, 33) . When analyzed by IEF,2 however, a complex protein-banding pattern is seen which is different for different inbred lines (11, 12, 29, 32, 34) . Evidence that this extensive charge heterogeneity is not artifactual comes from the demonstration that the banding pattern is independent of extraction procedures (29) , that there appear to be differences in the amino acid composition of the bands (12, 29) , and from genetic experiments in which inbreds with widely differing banding patterns were crossed and the segregation of genetic loci apparently coding for some of the zein proteins was examined (34).
Zein is localized in the endosperm in membrane-bound structures called protein bodies (9, 10, 16) which are apparently derived from enlargements of the RER (16, 19) . Protein bodies have polyribosomes on their surface (7) and it has been shown that these polysomes (7, 19, 36) , or a mRNA fraction that can be purified from them (8, 19) , will direct the synthesis of zein-like proteins in vitro. The in vitro products have a zein-like amino acid composition (high in leucine, glutamine, and proline, and low in lysine) (7, 19, 20) , are soluble in 70%o ethanol (7, 19, 20, 36) , and give two major bands on SDS gels (7, 8, 19, 20, 36 translation products of purified mRNA are 1,000 to 2,000 daltons larger than zein proteins isolated from kernels (8, 19) because of an additional amino-terminal sequence (8) . When intact RER from endosperm is placed in an in vitro protein synthesis system, proteins corresponding in mol wt to the native zein proteins are produced (19) .
That the two size classes of zein may be products of separate but similar sized mRNAs has been shown by Larkins and Hurkman (19) and by Weinand and Feix (37) , who have achieved a partial resolution of the mRNA coding for the two size classes by sucrose gradient centrifugation (19) (29) . The gels were 9 x 11 x 0.15 cm and contained 4.8% (w/v) acrylamide-1.5% (w/v) bis-acrylamide, 2% (w/v) ampholyte in the pH range 6 to 8 (Bio-Rad) and 6 Melting temperature determinations were made in the same buffer used for hybridization. Zein cDNA and maize RNA were hybridized at 52 C to a Cr0t at which 80% of maximal hybridization was observed, using a concentration of RNA such that this required approximately 10 h. Individual samples were then heated for 10 min at various temperatures and quick cooled in ice water. The amount of hybrid remaining after incubation at each temperature was assayed with SI nuclease as described above.
In Vitro Translation. A cell-free translation system was prepared from wheat germ (General Mills) by the method of Marcu and Dudock (22) The reaction mixture was incubated at 30 C for 90 min and the reaction was then terminated by adding solid urea to a final concentration of 6 M and 2-mercaptoethanol to a final concentration of 2% (v/v). Half of the sample was then analyzed by IEF as described above. In earlier experiments the sample was dialyzed for 3 h at 4 C in 6 M urea, 10 mM Tris-glycine (pH 8.5), 2% (v/v) 2-mercaptoethanol before focusing; however, it was discovered that the same IEF pattern is obtained without this step and it was subsequently omitted. The other half of the sample was prepared for analysis on SDS-polyacrylamide gels by heating for 30 min atml overmight culture and was allowed to grow for 2 h (A m of approximately 0.5). Chloramphenicol (160 mg) was then added and the culture was allowed to grow for an additional 20 to The sample was then divided into two equal parts, one was retained in hybrid form, and the other was heated to 100 C for 1 min. Both of the fractions were then adjusted to 0.2 M Naacetate (pH 4.5) and the nucleic acids were precipitated overnight at -20 C with 2.5 volumes of cold 95% ethanol. The precipitates were then collected by centrifugation for 10 min at 12,000g at 4 C and were washed twice with 70%o ethanol. Residual ethanol was removed by lyophilization and the pellets were dissolved in 10,ul of water for in vitro translation.
RESULTS AND DISCUSSION IN VITRO TRANSLATION OF PROTEIN BODY RNA
To examine the origin of the charge heterogeneity of zein we have examined the in vitro translation products of RNA purified from polysomes of protein bodies from each of four lines of maize: IHP, W22, Oh43, and W64A. When the in vitro products are analyzed on a SDS-polyacrylamide gel they are resolved into two major bands which, as reported earlier (8, 19 ) are 1,000 to 2,000 daltons larger than zein protein isolated from mature kernels. The apparent size of the in vitro products is similar for each of the lines examined ( Fig. IA) although it appears that in some cases the two size classes may actually be composed of several incompletely resolved bands (36). When the in vitro products are analyzed by IEF (Fig. IB) in agreement with the preliminary report of Larkins et aL (27) that zein mRNA annealed with its cDNA at a slightly slower rate than was seen for the ovalbumin mRNA-cDNA reaction under the same conditions. Since zein mRNA is about 1,100 nucleotides in length (8) , such a kinetic complexity is lower than would be expected from the apparent number of separate protein species seen in the isoelectric focusing gels if all of these proteins were the products of totally distinct mRNAs. It must be stressed that the zein hybridization curve is broader than would be expected from one pure component or a mixture of equal amounts of totally different RNAs. It is not clear whether this is due to different mRNAs present in different amounts, to partial cross-reaction between the zein mRNAs, or to differences in GC content or size among the reacting species. Although the kinetics of the W22 mRNA-cDNA reaction suggests that there are less totally distinct zein mRNA species than one might have expected from the number of bands seen when zein protein is analyzed by IEF, it is difficult to interpret such results in an unambiguous fashion.
To compare the zein mRNA population among different lines we have annealed W22 cDNA to total protein body RNA from W22, IHP, Oh43, and W64A. When W22 cDNA is annealed to total protein body RNA rather than to purified zein mRNA ( Fig.  2A) the shape of the hybridization curve remains the same, but the reaction proceeds with a Crotl/2 of approximately 3 x 10-1, indicating that 1 to 2% of the total protein body RNA is zein mRNA. This is consistent with the recovery of zein mRNA from total protein body RNA and the relative ability of these two RNA preparations to direct the synthesis of zein-like proteins in vitro (data not shown).
Rather surprisingly, even though the IEF profiles of the zein protein from these four lines show a number of differences, there is no significant difference in the kinetics or the maximum extent of hybridization of W22 cDNA to the protein body RNA from any of these lines. The thermal stabilities of the hybrids formed are similar for all four lines (Fig. 2B) . These results suggest that at least at the level of sensitivity offered by hybridization with a total cDNA probe and at the level of stringency used in these assays that the total zein mRNA populations in these lines of corn are very similar. (Table  I ). The inserts of the two largest of these plasmids (A-20 and A-30) have also been shown to be different by heteroduplex analysis (data not shown).
Interaction of IHP Protein Body RNA with Recombinant Plasmids. To examine the interaction between these recombinant plasmids and zein mRNA, the plasmids were denatured and covalently attached to cellulose by the method of Noyes and Stark (25) . The immobilized plasmid DNA was then annealed with total protein body RNA of IHP. These reactions were performed using an excess of plasmid DNA so that all of the RNA potentially able TaqI  --+ to hybridize with the plasmid should be able to do so. The SDS and IEF gels of the in vitro translation products of both the bound and unbound RNA fractions of IHP protein body RNA that has been annealed with immobilized plasmid DNA are shown in Figure 3 . The IEF pattern of the protein coded for by the RNA that binds to the plasmid A-20 consists primarily of only one band (although additional faint bands are also seen). The RNA that does not bind to A-20 does not direct the synthesis of this band although it directs the synthesis of all of the major remaining bands (Fig. 3) . The SDS gel pattern of the product of the RNA that binds to A-20 consists of a 20,000-dalton band. The unbound RNA, however, directs the synthesis of the 24,000-dalton band and also of what appears to be two poorly resolved bands with apparent mol wt of approximately 20,000. These results indicate that the IHP protein body RNA that binds to A-20 plasmid DNA consists primarily of what appears to be a single zein mRNA species. It also seems to indicate that the 20,000-dalton band seen when total IHP mRNA is translated in vitro actually consists of at least three protein components having similar mol wt, one of which is coded for by an mRNA with affinity for the A-20 plasmid DNA. Unlike the IHP protein body RNA that binds to plasmid A-20, the RNA that binds to plasmid A-30 directs the synthesis of several different major protein species that have different isoelectric points (none of which is the same as the A-20 band). On SDS gels, most of the translation products of the IHP RNA that binds to plasmid A-30 DNA have an apparent mol wt of 20,000. When the autoradiographs are exposed for long periods, a small amount of material can be seen that has an apparent mol wt of 24,000 (this higher mol wt material coded for by the IHP RNA that binds plasmid A-30 can also be seen in Fig. 5A ).
The IEF profile of the material coded for by the RNA that binds to plasmid B-49 DNA consists of two major bands as well as a number of minor bands. The IHP RNA that binds to plasmid B-49, unlike that which binds the other two plasmids, mainly directs the synthesis of the 24,000-dalton zeins although it also appears to code for an upper component of the 20,000-dalton band. The RNA which is not bound to plasmid B-49 directs the synthesis of the smaller components of the 20,000-dalton band as well as a small amount of the 24,000-dalton band.
Taken together these results indicate that although the mol wt classes of the zein protein synthesized in vitro are composed of multiple species that differ in their isoelectric point, that the mRNAs coding for these species are not totally distinct. Most A-30 families appear to cross-react totally (data not shown).
That the similarities among the members of a family may be extensive is illustrated by the fact that the same pattern of mRNA binding is observed when the annealing of IHP protein body RNA and these three immobilized plasmid DNA is carried out either at 52 or 60 C. The extensive similarities among members of a family can be further illustrated by examining the temperature at which the mRNA coding for the different zein species of a family elutes from the immobilized plasmid DNA. The result of such an experiment for the IHP protein body RNAs that bind plasmid A-30 is shown in Figure 4 . As can be seen in this figure most of the mRNA that codes for the zein proteins remains bound at 67 C but is eluted at 70 C, although some of the RNA coding for some of the bands appears to elute at lower temperatures. (The band at the bottom of the figure [nearest the anode] which is present in all of the samples is also present in control experiments in which no RNA is added to the in vitro translation system; see Fig. 1B) .
Another way in which the interaction of protein body RNA and cloned cDNA copies of IHP zein mRNA can be assayed is by the technique of hybridization arrest (26) . This procedure has the advantage that it does not require the plasmid DNA to be immobilized. In this procedure, mRNA is annealed with an excess of denatured plasmid DNA in the presence of high concentrations of formamide. (Under these conditions, DNA-DNA annealing does not occur, so the plasmid cannot reanneal with itself, but RNA-DNA hybridization will still occur [26] ). After the annealing step, the nucleic acid mixture is then placed in an in vitro translation system. The RNA species that have annealed with the plasmid DNA should not be translated since they will be present as an RNA-DNA hybrid, but the RNA that does not anneal should still be free to be translated.
Using this technique, we have examined the interaction of protein body RNA from IHP with each of the three cloned cDNA copies of IHP zein mRNA. The results we have obtained using hybridization arrest are consistent with those obtained by the use of immobilized plasmid DNA. An experiment with IHP protein body RNA and plasmid A-30 is shown in Figure 5 . By comparing this result to Figure 3B , it can be seen that the bands whose translation is blocked by plasmid A-30 are also the bands whose mRNA was bound completely by plasmid A-30 immobilized to cellulose. The RNA coding for the band in Figure 5 indicated by the arrow was also bound by plasmid A-30 cellulose but the translation of RNA for this band is not completely arrested by plasmid A-30. It should be noted here, however, that this band also appears in the unbound fraction with A-30 cellulose and in both the bound and unbound fraction with plasmid B-49. The simplest interpretation of these results is that this band consists of two protein species, one of which is coded for by an RNA that belongs to the A-30 group Figure 6B are obtained. If one compares the different plasmids, it can be seen that the IEF profile of the translation products of the RNA that binds to one plasmid is different from that of the RNA which binds to the other two plasmids. If one compares the RNA for the four lines of corn that bind to any one plasmid, it can be seen that the translation products of the RNA from one line of corn can be different from that of another line, although in many cases they appear to be similar.
CONCLUSIONS
When protein body RNA is translated in vitro, using [14C1-leucine, the products consist primarily oftwo size classes (although these size classes appear in some cases to be composed of several poorly resolved species), but show considerable charge heterogeneity when analyzed by IEF. Although the size classes are very similar for different inbred lines, the isoelectric patterns differ.
Studies using a cDNA copy of total W22 zein mRNA and those using immobilized cloned cDNA copies of IHP zein mRNA suggest, however, that the extensive charge heterogeneity of zein proteins does not result from the presence of a large number of totaily distinct mRNAs. These studies indicate that the zein proteins synthesized in vitro fall into several families related by similarities in their mRNAs. In IHP most of the major zein mRNAs can be classified into three families based on their binding to cloned cDNA copies of IHP zein mRNA. Even these families are not totally distinct because it can be demonstrated that at least two of these families can cross-react under less stringent conditions, suggesting that they have partial nucleotide sequence homology. Each of three other lines we have studied (W22, Oh43, and W64A) have mRNAs that are related to those of IHP. Among these lines the mol wt of the proteins in a given family are generally similar, but the number of members in a family and their isoelectric points differ.
The tric points are being coded for by the same RNA. We feel that this is unlikely, however, because the banding pattern of the in vitro translation products is reproducible, is different for each of the three families within a given type of corn, and is different for the mRNA of a given family in different lines of corn.
Our results suggest that the zein mRNA and protein fractions of corn are heterogeneous, but that there is homology between some of the zein mRNAs and proteins. This is consistent with results that have been obtained with the prolamine fraction of other cereals. In both wheat (3, 4, 6, 14) , and barley (13, 15, 30) , the prolamine fraction can be separated into a number of different species on the basis of size and charge, but it has been shown that some of these species share homology based on N-terminal amino acid sequence (4) and by peptide mapping (3, 13) . The homology between different prolamine polypeptides suggest a common origin of the genetic material coding for them. It is not known at this time whether these groups of heterogeneous but related proteins arose during evolution, perhaps by gene duplication followed by diversification, or whether their heterogeneity and relatedness are reflections of the way in which their genetic material is organized and expressed.
